Recognition memory paradigms are commonly used to probe the neural underpinnings of declarative memory in both humans and animals (Eichenbaum et al. 2007; Squire et al. 2007) . Surprisingly, the impact of pre-experimental knowledge of items on performance of recognition memory tasks has only rarely been studied. Nevertheless, this factor may have a critical influence, not only on recognition performance, but also on the brain structures that are recruited during encoding and retrieval (Bird and Burgess 2008; Trinkler et al. 2009; Poppenk et al. 2010 ). The present study aimed to characterize the impact of pre-experimental knowledge on recognition memory, in particular on the parameters used to fit recognition memory data according to two models based on a dual-process theory ([DPT] recollection and familiarity) and an unequal variance signal detection ([UVSD] the magnitude and variance of the memory strength signal).
Recognition memory for pre-experimentally known faces is superior to that for unfamiliar faces (Klatzky and Forrest 1984) . Interestingly, patients with hippocampal damage typically perform normally on forced-choice recognition of unfamiliar faces (Bird and Burgess 2008) , unless tested after a 24-h delay (Reed and Squire 1997) . In an imaging study of face recognition memory, pre-experimentally known faces were found to activate the hippocampus whether they were targets or foils, whereas hippocampal activity did not differentiate the old/new status of test items (Trinkler et al. 2009 ). We suggested that representations of pre-experimentally known faces include associated information (mediated by the hippocampus), which boosts recognition performance. Unfamiliar faces have no pre-experimental associations (excepting look-alike coincidences) so recognition memory must rely more heavily on perceptual representations, which may not require the hippocampus.
Here, we tested face recognition memory in students from two universities, using faces from the same two universities as memoranda. Thus, half the test items were pre-experimentally known to one group of students but not to the others and vice versa. Recognition judgements were made using confidence ratings, allowing us to assess how accuracy changes with confidence by plotting receiver operating characteristics (ROCs) and fitting these to two prominent models of recognition memory (DPT and UVSD). We also asked participants to indicate whether they "remembered" anything specific about the test items from the study phase.
We tested 22 female, second-year undergraduate psychology students (11 from Sussex University, 11 from University College London [UCL]). Stimuli were 144 photographs of students (72 from UCL, 72 from Sussex; from the same courses as the participants). Stimuli were cropped to an oval shape and presented on a white background using a computer monitor and PowerPoint (http://office.microsoft.com).
Half of the items (36 from UCL, 36 from Sussex) were used as targets. Targets and foils were fully counterbalanced across participants from both universities. There was a Study phase, a Test phase, and a Rating phase. In the Study phase, each of the 72 target faces was presented individually for 5 sec. Participants were required to make a male/female judgment for each face and were told that their memory for the faces would be tested. The participants were also told that while some of the faces would be known to them, their task was to attend to each face. The Test phase followed completion of a brief distractor task (Ravens Advanced Progressive Matrices Set II [Raven 1976]) . Each of the 144 faces was presented individually. Participants decided whether they had seen the item in the preceding Study phase and recognition judgements were made on a six-point confidence scale, where 6 ¼ confident the item was previously studied and 1 ¼ confident the item was not previously studied. Participants were additionally asked to give a "remember" response if they retrieved a specific memory of the item from the study phase (Rotello and Zeng 2008) . In the final Rating phase, participants rated all 144 faces for how well they were personally known to them on a five-point scale where 1 ¼ "not known," 2 ¼ "possibly familiar," 3 ¼ "familiar," 4 ¼ "definitely familiar," and 5 ¼ "very familiar" (i.e., a close friend). It was explained that half of the faces were of people from a different university and therefore unlikely to be familiar.
To analyze performance, each participant's recognition judgements were used to generate two separate ROCs, one for each set of stimuli (faces from UCL or faces from Sussex). The ROC shows the relationship between "yes" responses to old items and "yes" responses to new items at progressively more liberal confidence ratings by plotting the cumulative proportions of hits (y-axis) vs. false alarms (x-axis) for each successive confidence level. Overall performance was quantified as the area under the ROC (A ′ ). We investigated overall performance as a function of which location the stimuli were from (faces of UCL students vs. faces of Sussex students) and the location the participant was from (UCL vs. Sussex) using a 2 × 2 mixed ANOVA. Results are shown in Figure 1 .
The effect of pre-experimental knowledge on recognition accuracy was demonstrated by a highly significant crossover interaction effect between the locations the stimuli and participants came from (F (1,20) ¼ 98.1, P , 0.0001), but no significant effect of participant location (F (1,20) , 1). There was a marginally significant effect of location the stimuli were from (F (1,20) ¼ 4.08, P ¼ 0.057), due to slightly higher performance for the faces from UCL. Figure 1 also shows the proportions of faces from each university that were rated as pre-experimentally known (rated 2-5) by students at the two universities. Unsurprisingly, participants rated faces from their own university as more familiar, resulting in a significant crossover interaction between item source and participant location (F (1,20) ¼ 300, P , 0.001). There was no effect of participant location but there was a main effect of item source, with a greater proportion of faces from UCL being rated as familiar (F (1,20) ¼ 52.9, P , 0.001) due to the greater tendency of UCL students to rate both more UCL faces as familiar and more Sussex faces as unfamiliar. In subsequent analyses we identified "preexperimentally known" faces as those from the same university as the subject that were given a rating of 2 -5 (faces from the same university as the subject but given a rating of 1 were included in the "not known" items for that subject).
This finding replicates the findings of Klatzky and Forrest (1984) and Trinkler et al. (2009) who also documented advantages in recognition memory for pre-experimentally known faces. A prominent theory of memory, DPT posits that recognition judgements are based on either recollection (the retrieval of contextual details about an encoding event), or familiarity (the feeling that an item has been experienced previously without retrieval of any additional information). Several researchers have suggested that the hippocampus is necessary for recollection but not for familiarity. Given that the hippocampus is specifically activated by the pre-experimentally known faces (Trinkler et al. 2009) , and that unfamiliar face recognition memory is not hippocampal dependent (Bird and Burgess 2008) , the boost in recognition memory for familiar faces might reflect a selective boost in recollection. This proposal is supported by studies that have manipulated test item familiarity by pre-exposing a subset of the items before encoding. Under these conditions, recollection appears to contribute to performance, primarily by enabling subjects to reject foils that were familiar as a result of pre-exposure . A recent study using this paradigm found that source memory (which is considered to be closely related to recollection) was more accurate for pre-exposed items (Poppenk et al. 2010) .
Estimates of recollection and familiarity were first calculated using the Remember/Know procedure. "Remember" responses were made by the participant during the test whilst "know" responses were all other items rated as previously seen (i.e., given a confidence rating 4-6). Parameters were fitted to the model of Yonelinas and colleagues, which assumes that both processes are independent of each other . Table 1 shows the total numbers of "remember" responses and the responses at each confidence level for pre-experimentally known and unknown items. Interestingly, only around 50% of items given a "6" confidence response were also given a "remember" response, indicating that high-confidence familiarity-based recognition often occurs for faces. The probability that an item was recollected, as calculated from these data, was 0.35 for preexperimentally known items and 0.11 for pre-experimentally unknown items. Estimates of familiarity were 1.87 and 1.01 for pre-experimentally known vs. unknown items, respectively. Recollection and familiarity estimates were also calculated for each individual and the mean values are shown in Figure 2 . Pre-experimental knowledge about the stimuli significantly boosted both recollection (t ¼ 4.6, d.f. ¼ 21, P , 0.001) and famil-
The group data and each participant's data were used to plot ROC curves, which were then fitted to the DPT of Yonelinas and colleagues to estimate recollection and familiarity ). The group ROCs for pre-experimentally known and unknown items are shown in Figure 2 . Under DPT, the y-intercept reflects the probability that an item is recollected and the degree of curvature of the line reflects increasing familiarity elicited by the test items (measured by d-prime; d ′ ). These curves in Figure 2 correspond to recollection estimates of 0.41 and 0.23 and familiarity estimates of 1.73 and 0.87 for known vs. unknown items, respectively. These estimates are similar to the mean recollection and familiarity estimates calculated separately for each participant (Fig. 2B) ; again pre-experimental knowledge significantly boosted both recollection (t ¼ 3.9, d.f. ¼ 21, P , 0.005) and familiarity (t ¼ 5.3, d.f. ¼ 21, P , 0.001).
Thus, when our recognition data were fitted according to DPT, pre-experimental knowledge about the items boosted both recollection-and familiarity-based recognition processes, whether calculated from the remember/know responses or ROCs (Fig. 2B ). This finding is not consistent with the hypothesis that pre-experimental knowledge improves performance via a selective boost in recollection of the test items, but not familiarity. It is also at odds with studies that have used pre-exposure to introduce pre-test item familiarity Poppenk et al. 2010) . However, this experimentally induced pre-exposure is very Figure 1 . Accuracy data and proportions of items rated as preexperimentally known (rated 2 -5; "possibly familiar" -"very familiar"). Data are split according to which university the participant was from and which university the item was from. In subsequent analyses, data from all participants were pooled and referred to as pre-experimentally known (items from the same university as the participant rated as known) and pre-experimentally unknown (all other items). Distribution of recognition responses summed across all participants. For the remember/know analyses, "know" responses were those items given a confidence rating of 4 -6 that had not been given a "remember" response.
different from our manipulation of pre-experimental knowledge. Certainly, the boost in performance afforded by pre-experimental knowledge in our study far exceeds that afforded by pre-exposure to the test items in other studies Poppenk et al. 2010 ). It may be that pre-experimental knowledge boosts the "distinctiveness" of the test items in a nonspecific way that affects both recollection-and familiarity-based recognition judgements. Thus, a conclusion for dual process models is that the presence of pre-experimental knowledge of the stimuli used for both targets and foils boosts familiarity-related processes, as well as recollection-related process.
In the final series of analyses, the ROC data were analyzed according to a UVSD model of recognition memory. Under this model judgements about the prior occurrence of items are made on the basis of a single internal representation of "memory strength" (i.e., a sense of prior occurrence) (Mandler 1980; Wixted 1992) . Thus, every test item elicits a memory strength signal that is used to determine whether that item is a target or foil by comparing the memory strength to a criterion value (items that elicit the strongest response will be most confidently judged as "old," while items that elicit the weakest response will be most confidently judged as "new"). The different confidence levels in the ROC correspond to different criterion values. The UVSD model allows the memory strength distributions associated with items in the studied and unstudied, pre-experimentally known and unknown groups (four distributions in total) to have different means and standard deviations. These means and standard deviations were estimated from the ROC data (using software from http://www.unifr.ch/psycho/site/units/allpsy/team/Macho). The foils of pre-experimentally unknown faces were set to have a mean of 0 and a standard deviation of 1, so that all other distributions were scaled relative to the foils of pre-experimentally unknown faces. Note that this method of fitting the data assumes that all recognition judgements (for pre-experimentally known and unknown items) are made using the same memory strength axis and the same confidence level boundaries. An alternative would be to assume that participants were aware that some items were pre-experimentally known whereas others were not, and different confidence criteria were used for the two item classes. The data were also analyzed according to this model and these results are presented in the Supplemental material, together with a brief justification for the analysis we have used in the main paper.
The results are shown in Figure 2C and Table 2 . Of note, the standard deviation of the target distributions is always larger than the standard deviation of the respective foil distribution (known targets . known foils, unknown targets . unknown foils). This common finding (e.g., Glanzer et al. 1999 ) is usually explained by fluctuating levels of attention paid to the targets at encoding; well-attended items receive a larger boost in memory strength than less well-attended items (Wixted 2007) . Pre-experimental knowledge also increases the separation of the memory strength distributions for targets and foils, which makes these items more discriminable and hence boosts performance.
Interestingly, both the target and foil distributions for pre-experimentally known items are shifted relative to the target and foil distributions for pre-experimentally unknown faces. Thus, not only are targets more confidently identified as "old," ROC data fitted to the UVSD model. The data are fitted to four Gaussian distributions that vary in mean memory strength and standard deviation (see Fig. 2B ). The distribution for pre-experimentally unknown foils is set to have a mean of 0 and a standard deviation of 1 and the other distributions are calculated relative to this baseline. 95% confidence intervals for the parameter estimates are shown in parentheses. The lines between the points represent the data fitted to the dual process theory (DPT: black line) and the unequal variance signal detection model (UVSD: gray line). Goodness-of-fit statistics for both models are provided in the Supplemental material. (B) Data fitted to dual-process theory. Recollection and familiarity estimates for previously known and unknown items calculated using the ROC and Remember/Know procedures. Recollection is measured as the probability that an item is recollected, familiarity is measured as d-prime. * * * , P , 0.005. (C) Data fitted to the unequal variance signal detection model. The target distributions represent the memory strength values associated with the items that were studied (either pre-experimentally known or unknown), and the foil distributions represent the memory strength of the items that were not. The unknown foil distribution is used as the baseline (mean ¼ 0, standard deviation ¼ 1) and the others are shifted in both mean and standard deviation relative to it. Vertical lines indicate the boundaries between the six confidence levels (as indicated on the x-axis). The separation of the means of the target and foil distributions is a measure of how well participants distinguished studied from unstudied items. Note that the separation of the distributions for pre-experimentally known items is greater than for pre-experimentally unknown items and the standard deviations for the known items are greater than for unknown items.
but also foils are more confidently identified as "foils." Presumably, participants are able to use something like a "recall-to-reject" strategy; foils of pre-experimentally known faces might be correctly rejected on the grounds that they would have been remembered had they actually appeared on the list (see Brown et al. 1977) .
Under the assumption that participants use the same response criteria for making their confidence judgements for preexperimentally known and unknown items, the memory strength distributions for known targets and foils have greater variance than the equivalent distributions for the unknown items (see Fig. 2C ; Table 2 ). Consequently, the positive tail of the distribution of memory strengths for known foils exceeds that for unknown foils. This can be seen in the frequencies of responses (Table 2) , where the percentage of high confidence false alarms (rating "6") for the pre-experimentally known foils is higher than for the unknown foils (4.0% vs. 0.8%). In these instances it appears that pre-experimental knowledge of the item results in a strong feeling that the item was studied when it was not; an interesting case of proactive interference (similar to when semantically related foils are sometimes erroneously recalled or recognized with high confidence) (Roediger and McDermott 1995) . This effect argues against the suggestion that pre-experimental knowledge boosts performance simply by increasing the distinctiveness of items; it is unclear why a subset of "distinct" foils would induce more high confidence false alarms. Note however, that if different decision criteria were used for pre-experimentally known vs. unknown items then direct comparisons between the variance of the distributions and the proportion of the "6" responses are unwarranted (see Supplemental material).
In summary: Pre-experimental knowledge substantially boosts recollection and familiarity in a recognition memory test. It is well established that known faces are processed differently from unknown faces (Ellis et al. 1979; Megreya and Burton 2006) . For example, pre-experimentally known faces can be represented as unique individuals, already associated with information about their identity and particular contextual details. The richer representations for known items enable subjects to make more accurate and higher confidence recognition judgements, but may also induce high confidence false alarms in a subset of items. There was no evidence for a selective boost in recollection, which might have been expected if subjects needed to explicitly recall the encoding phase in order to differentiate pre-experimentally known targets and lures. Under a UVSD model, pre-experimental knowledge results in greater separation of the target and foil memory strength distributions. The varying amounts of knowledge we have about individuals known to us can account for the greater variance in memory strength associated with pre-experimentally known faces compared with unknown faces, which are likely to be represented more in terms of their perceptual features. The degree of pre-experimental knowledge with test items is therefore of key importance when investigating recognition memory, especially when comparing data across studies and across species, since it is likely to impact strongly on the processes by which recognition judgments are made and also on the brain regions recruited to perform the tasks.
